Here we present a review of the single-strand conformation polymorphism (SSCP) method, which allows DNA fragments that have been amplified with specific primers and polymerase chain reaction (PCR) to be scanned rapidly for any sequence variation. The general principles of the method are described, as well as the major factors that must be considered in developing an optimal SSCP strategy, namely the length of the PCR fragment and the temperature of the gel run. Options for sample denaturing gel characteristics and detection of DNA fragments are discussed. The application of these techniques to screen for mutations in the various viral genes is also described.
Introduction
Viral genomes can vary somewhat (i.e., mutate) at the nucleotide level and yet maintain their essential characteristics at the protein and virion levels. This variability is the basis for molecular characterization and subtype classification of viruses. Some regions of the viral genome may be extremely stable and resistant to mutation, while other regions may be hypervariable. If less than the whole genome is being studied, the investigator must choose the region for analysis with care so as to observe a reasonable number of mutations. The changes at the nucleotide level may or may not result in amino acid changes, but it is irrelevant for genotypic methods. Nucleotide changes in a viral isolate from an infected patient may allow that isolate to be uniquely identified or grouped with similar isolates of the same virus by molecular techniques. It is also noteworthy that RNA viruses have much higher rates of spontaneous mutation than DNA viruses, primarily due to the fact that viral RNA polymerases do not have 3'-to-5' exonuclease activity and thus cannot edit mistakes made during replication of the genome.
Nucleotide sequence analysis of DNA fragment amplified by polymerase chain reaction (PCR) is now widely used for the characterization of various virus strains. Despite the fact that, sequencing studies provide useful information about the genetic make-up of viruses, the method is considered to be relatively labor-intensive, time-consuming and expensive, especially when the study involves the characterization of many virus isolates. Single-stranded conformation polymorphism (SSCP) provides a method to assess genetic variability among related viral strains. With this procedure it is possible to perform rapid screening of selected fragments of the viral genome to identify regions of genetic variations (10) . Under optimal conditions this technique can identify single base differences. The procedure is based on the dif-ferential migration of single stranded DNA (ssDNA) on a non-denaturing polyacrylamide gel. After denaturation of doublestranded DNA obtained from a PCR, the ssDNA can renature through intrastrand base pairing to form three-dimensional conformations that are sequence depended. The newly formed three-dimensional conformations migrate at different rates in the gel, providing a specific banding pattern for each of the different viral variants.
Analyses with SSCP have been used to demonstrate genomic variation between different viruses and reveal associations of viral genotypes with specific phenotypes (1, 11, 15, 18, 23) . In this paper we illustrate the use of the SSCP technique for mutation screening in the different viral genomes and discuss the advantages and limits of the method for analysis of genetic diversity among virus population.
General principles of SSCP technique
The SSCP technique (10) is a method, capable of identifying most sequence variations in a single strand of DNA, typically between 150 and 250 nucleotides in length. Under nondenaturing conditions a single strand of DNA will adopt a conformation (presumably dependent on internal basepairing between short segments by foldback) that is uniquely dependent on its sequence composition. This conformation will usually be different if even a single base is changed. Most conformations seem to alter the physical configuration or size sufficiently that, even though the variant sequence has the same charge, the configuration-to-charge (size-to-charge) ratio is different enough to be detectable as a mobility difference upon electrophoresis through a retarding matrix such as acrylamide gel. Typically, the duplexes will be from the same PCR reaction for samples with possible genotypic differences. Usually, diluted PCR product is denatured by a brief boiling step, after which the sample is loaded on a nondenaturing "sequencing" acrylamide gel. The samples thus adopt a single-stranded secondary structure because of the formation of interstrand base pairing. However, although the samples have been diluted, they concentrate upon entry into the gel, and this allows some reannealing to take place. Thus, to reduce the proportions of PCR product that reform as a double strand and reduce the amount available as single strand for polymorphism analysis, the sample needs to be relatively dilute. When using thin gels with small capacity for sample volume, this concentration consideration may limit the choice of DNA detection methods, with radioisotope detection being the method of choice because it is considerably more sensitive than ethidium bromide or even silverstaining methods.
There are four important variables that must be considered in designing an optimal SSCP strategy. These are (a) the length of the PCR fragment, (b) the effect of temperature of the gel run, (c) the method of PCR denaturation, and (d) the characterization of the gel.
Single-strand length
The optimal length of a single strand seems to be ~150-200 nucleotides (20) . In this size range, 70-90% of single base substitutions are apparent on SSCPs. Presumably longer strands exhibit relatively less conformational change by a single base substitution, and shorter strands adopt less conformation in the first place. On average, the reverse complement of a particular four-base sequence will occur once every 4 x 4 x 4 x 4 = 256 nucleotides; thus it would be expected that a PCR single strand would contain quite a few possible sequences to form four-base double-stranded stems, but few significantly longer stems form perfect-match duplexes. Such segments would be expected to melt and hence lose any sequence-specific conformation below the melting temperatures at which 10-15-mer oligonucleotides dissociate from their tar-get (22) . The behavior of stem-loop folds would also be expected to depend on guanosine plus cytosine content, since the three-hydrogen-bond base pair, GC, is more heat-stable than the two-hydrogenbond base pair AT. A better understanding of these factors would be of value to be able to make predictive analysis of specific sequences to maximize the mutation-detection efficiency of SSCP in a fashion similar to the preplanning of denaturing gradient gel electrophoresis experiments (3).
Effect of temperature
Several studies have reported the use of different temperatures for running SSCP, and typical conditions are either at room temperature, or 4°C with 50 or 100 ml/l glycerol. Gels are routinely run at 5V/cm overnight at "room" temperature in an airconditioned room, which is typically ~22°C, with minima and maxima at 20°C and 25°C respectively. At this voltage, power per gel is ~4 W, and gel warming is insignificant. A more expensive option would be the use of a water-jacketed gel plate with a circulating water bath. PCR product denaturation For convenience, PCR products are used without purification, but spurious bands may result if the number of cycles is excessive or if there is excessive residual PCR primer that may anneal to single strands (2) . By using high detection sensitivity for DNA, the number of PCR reaction cycles can be reduced (e.g., to 20) and the sample can be diluted 10-30-fold, which will minimize annealing between single strands or between single strands and PCR oligonucleotides. However, if less sensitive detection methods are used, less dilution is possible; stronger denaturants added to the sample may help. Formamide, sodium hydroxide, urea, and methylmercuric hydroxide (8) have been used. Although toxic and requiring a fume hood, methylmercuric hydroxide appears to be the most effective. Most protocols involve heating the sample, immediate chilling on ice, then loading onto an apparatus between 4°C and 25°C. A top layer of gel with formamide incorporated has also been proposed to aid sample denaturation (24) , but this does not avoid the strand reannealing that will occur when the single strands first enter the nondenaturing gel.
Characteristics of the gel
Acrylamide is the commonly used matrix for DNA fragments in the SSCP size range. The ratio of acrylamide to bisacrylamide cross-linker, and the total acrylamide percentage, determine the sieving properties of the gel. The buffer conductivity and concentration also influence SSCP mobility, as do gel temperature and other additives such as glycerol. Several publications have detailed the different effects that these different conditions can have on resolving a particular sequence variation. Reduced cross-linker ratio (acrylamide:bis 49:1) and 50-100 ml/l glycerol are popular (21), although other protocols such as high-percentage gels can be useful (11, 19) . Reported gel lengths range between 5 and 50 cm. At present, most results are read by eye and therefore visible resolution is necessary. Although clear-cut mobility shifts (e.g., 10%) are demonstrable on short gels, a long electrophoresis may be necessary to resolve 0.5% mobility difference. Long electrophoresis has the disadvantages of needing a large apparatus, a higher voltage power pack, and more complex arrangements to set up and control temperature. A longer run broadens a band in accord with basic theory (effects of an imperfect matrix and diffusion), and this may be compounded for SSCP without proper temperature control. Nevertheless, when it is important to avoid false-negative results, long track length is advisable.
Development of the SSCP assay
The classical SSCP protocol thus includes 32 P in the PCR mix for maximal detection sensitivity in the diluted sample, and a gel with a long track length for maximal reso-lution of small mobility differences in the DNA fragments. However, in the interests of higher efficiency of detection, greater convenience, or safety, several studies have been made with other (non-radioactive) protocols (8, 15, 24) . Here we present a protocol, adapted in our laboratory for study of genetic diversity among virus populations of bovine immunodeficiency virus (BIV) and Venezuelan equine encephalomyelitis (VEE) virus (11, 18) .
Two microliters of the amplified DNA are diluted (1:10) in a denaturing loading mix (95% formamide; 0.05% bromophenol blue; 0.05% xylene cyanol) and heated at 95ºC for 3 min and then plunged immediately into ice for at least 5 min. Five microliters of each diluted sample are loaded onto an non-denaturing 8% polyacrylamide gel (37.5:1, acrylamide:bis) containing 10% glycerol. Electrophoresis is performed using a vertical electrophoresis mini system. Samples are run in TBE (53 mM TRIS-HCl; 53 mM boric acid; 1.5 mM disodium EDTA) buffer, using constant power (5W) for 4 hours at 10ºC. Following electrophoresis, the gels are fixed in 10% acetic acid and are agitated for 30 min. The gels are placed on rotary shaker and rinsed three times in ddH 2 O (3 min per wash). Fresh ddH 2 O is used in each wash. The gels are then transferred to a staining solution containing 0.15% (wt/vol) silver nitrate and 0.15% (vol/vol) 37% formaldehyde in ddH 2 O and agitated for 60 min. After a one-minute wash in ddH 2 O, the gels are developed at room temperature in a solution of 3% (wt/vol) sodium carbonate, 0.15% (vol/vol) 37% formaldehyde, and 0.0002% sodium thiosulfate. The developing process is stopped by adding the old fixer solution, when bands are clearly resolved with a low background (Fig. 1a, b) .
Aplication of SSCP for analysis of viral genomes
Analyses with SSCP have been used to demonstrate genomic variation between different viruses and reveal associations of viral genotypes with specific phenotypes (1, 4, 6, 7, 9, 11, 12, 13, 14, 16, 18, 23) .
SSCP analysis was applied for investigation of variety viruses among lentiviruses, Retroviridae. Two hypervariable regions (in the gag gene and part of the V3 loop) are mainly analyzed in human immunodeficiency virus type 1 (HIV-1) . By comparing of random paired matching of SSCP patterns between HIV-1 RNA and provirus DNA was found that the HIV-1 env target region diverged in 18 of 21 instances (16). The generation of characteristic SSCP patterns enables the rapid differentiation of bovine immunodeficiency virus (BIV) variants derived from the conserved part on the env region of the BIV genome, reducing the need for expensive and time-consuming direct sequencing analyses. The results demonstrated genetic polymorphism among a number of sampled BIV population in experimentally infected rabbits. At least three SSCP patterns (BIV quasispecies) were detected not only between different animals, but also between different organs in the same animal (11) .
An analysis of the genetic variability in the nonstructural gene of human parvovirus B19 by SSCP revealed the presence of six genotypes among 50 samples of virus from several countries. Sequencing of this region confirmed the presence of mutations in the different genotypes, and all were silent mutations. There was a good correlation between the SSCP type and the country from which the virus was obtained (13) .
For all human papillomavirus (HPV) types studied to date, intratypic variants have been identified. Although it has been recognized that individuals may be simultaneously infected with multiple HPV types, the population distribution of intratypic HPV variant infections and the prevalence of multiple intratypic HPV infections have not been adequately explored. Studies, using SSCP analysis to determine if consecutive HPV-16-positive samples contained the same HPV-16 variant were performed by several groups (23) . The genital samples were obtained at 6-month intervals and the HPV-16 positive samples, determined by a consensus L1 gene PCR assay, were subjected to SSCP analysis. The SSCP patterns obtained from consecutive specimens were identical for more than 90% of studied women, suggesting persistent infection (5, 17) . Investigation into an outbreak in a hospital of hepatitis B virus (HBV) infection was performed by SSCP analysis using a 189-bp PCR product from the hypervariable (pre-S1) region of the genome (7). All studied patients had patterns that fell into five different groups, which means several independent introductions of HBV into the same hospital.
Genotyping of hepatitis C virus (HCV) is useful because of marked differences in pathogenesis and the ability to treat different strains. A method for rapid and sensitive genotyping of HCV by SSCP analysis has been recently described (14) . A nested RT-PCR assay was used to amplify a 289-bp amplicon from the conserved 5' NC region, which was analyzed in nondenaturing polyacrylamide gels. This method was able to correctly identify the strain types of 73 HCV-positive samples that had been genotyped by sequencing and dideoxy fingerprinting. The SSCP method was more rapid and considerably cheaper than either of the established methods and yet provided the same information with regard to strain typing.
By use of SSCP, reliable detection of nucleotide sequence differences has been reported for RT-PCR amplicons from several arthropod-born viruses. Sequence differences have been detected in gene fragments of up to 291 bp for Dengue-2 virus isolates (6), 669 bp for La Crose, Snowshoe Hare and Tahyna viruses (1) and 750 bp for St. Louis encephalitis virus strains (4). Recently, the ability of SSCP to reliably identify Venezuelan equine encephalomyelitis (VEE) viruses associated with epizootic emergence, that differ in their sequences of a 856-bp region of the P62 gene (18) .
Conclusions
Single-stranded conformation polymorphism analysis has been described as alternative methodology for the identification of genetic variants and the genotyping of viral strains. This direct analysis of the viral genomes is a reasonable and practical way to study the viral diversity. The major advantage of SSCP method is that it can sample simultaneously the genetic makeup of numerous specimens, being significantly cost-effective than other genetic analyses. The method described here can be performed with very simple equipment and in relatively unsophisticated laboratory environments, thus making it useful to clinical laboratories as well as research laboratories.
